We analyze the phenomenology of the top-pion and top-Higgs states in models with strong top dynamics, and translate the present LHC searches for the Standard Model Higgs into bounds on these scalar states. We explore the possibility that the new state at a mass of approximately 125 GeV observed at the LHC is consistent with a neutral pseudoscalar top-pion state. We demonstrate that a neutral pseudoscalar top-pion can generate the diphoton signal at the observed rate. However, the region of model parameter space where this is the case does not correspond to classic topcolorassisted technicolor scenarios with degenerate charged and neutral top-pions and a top-Higgs mass of order 2mt; rather, additional isospin violation would need to be present and the top dynamics would be more akin to that in top seesaw models. Moreover, the interpretation of the new state as a top-pion can be sustained only if the ZZ (four-lepton) and W W (two-lepton plus missing energy) signatures initially observed at the 3σ level decline in significance as additional data is accrued.
I. INTRODUCTION
The heavy mass of the top-quark necessarily implies that it couples more strongly to the electroweak symmetry breaking sector than any other quark or lepton, and suggests that the top-quark itself may play a role in electroweak symmetry breaking [1] [2] [3] [4] [5] . The Top Triangle Moose model [6] is a consistent low-energy effective theory for models with separate sectors for dynamically generating the masses of the top quark and the weak vector bosons. It can be used to investigate the phenomenology of a wide range of theories that include new strong top quark dynamics [7] [8] [9] [10] [11] [12] [13] . In previous work [14, 15] the authors have investigated the phenomenology of the scalar sector of the top-triangle model, and have explored the constraints placed on the "top-Higgs" boson present in these models by searches at the LHC for a standard model Higgs boson. We concluded that the top-Higgs boson mass was constrained to lie above 300 GeV for the region of Top Triangle Moose parameter space corresponding to numerous strong dynamics models.
In this work we update our results on top-Higgs searches in light of new data from the LHC and consider bounds on the "top-pions" that are also present. In particular, we explore the possibility that the new boson with a mass of approximately 125 GeV [16] [17] [18] [19] observed at the LHC is consistent with a neutral pseudoscalar top-pion state. 1 We demonstrate that a neutral pseudoscalar top-pion can generate the diphoton signal at the observed rate. However, the region of model parameter space where this is the case does not correspond to classic topcolor-assisted technicolor scenarios with degenerate charged and neutral top-pions and a top-Higgs mass of order 2m t ; rather, additional isospin violation would need to be present and the top dynamics would be more akin to that in top seesaw models [27] [28] [29] . Moreover, the interpretation of the new state as a top-pion can be sustained only if the ZZ (four-lepton) and W W (two-lepton plus missing energy) signatures initially observed at the 3σ level decline in significance as additional data is accrued.
On one level, the Top Triangle Moose model is an example of a deconstructed Higgsless model of electroweak symmetry breaking. Inspired by the possibility of maintaining perturbative unitarity in extra-dimensional models through heavy vector resonance exchanges in lieu of a Higgs [30] [31] [32] , Higgsless models were initially introduced in an extra-dimensional context as SU (2) × SU (2) × U (1) gauge theories living in a slice of AdS 5 , with symmetry breaking codified in the boundary condition of the gauge fields [33] [34] [35] [36] [37] [38] . The low energy dynamics of these extra-dimensional models can be understood in terms of a collection of 4-D theories, using the principle of "deconstruction" [39, 40] . Essentially, this involves latticizing the extra dimension, associating a 4-D gauge group with each lattice point and connecting them to one another by means of nonlinear sigma models; the picture that emerges is called a "Moose" diagram [41] . The five dimensional gauge field is now spread in this theory as four dimensional gauge fields residing at each lattice point, and the fifth scalar component residing as the eaten pion in the sigma fields.
The key features of these models [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] that are relevant to our discussion are as follows: Spin-1 resonances created by the strong dynamics underlying the sigma fields are described as massive gauge bosons, following the Hidden-LocalSymmetry scenario originally used for QCD [54] [55] [56] [57] [58] and also the BESS [59, 60] models. The phenomenology of those resonances in the Top Triangle Moose have been discussed in Refs. [6, 63] . Standard model (SM) fermions reside primarily on the exterior sites -the sites approximately corresponding to SU (2) w and U (1) Y gauge groups; these fermions become massive through mixing with massive, vector-like fermions located on the interior, 'hidden' sites. The phenomenology of these fermions has previously been discussed in [6, 14] . Precision electroweak parameters [64] , are accommodated by adjusting the SM fermion's distribution across sites [45] to match the gauge boson distribution, a process called "ideal delocalization" [48] . This is identical to the solution used in extra-dimensional Higgsless models, where the spreading of a fermion among sites becomes a continuous distribution, or profile, in the extra dimension [36] .
The AdS/CF T correspondence suggests that these weakly-coupled Higgsless models can be understood to be dual to the strongly coupled models of electroweak symmetry breaking. Indeed the Top Triangle Moose is a deconstructed analog of topcolor-assisted technicolor (TC2) [7] [8] [9] [10] [11] [12] [13] , a scenario of dynamical electroweak symmetry breaking in which the new strong dynamics is partitioned into two different sectors. The technicolor sector [65, 66] is responsible for the bulk of electroweak symmetry breaking, through condensation of a technifermion bilinear, and is therefore characterized by a scale F ∼ v, where v = 246 GeV is the EWSB scale. Consequently, technicolor dynamics is responsible for the majority of the weak gauge boson masses and, more indirectly [67, 68] , the masses of the light fermions. The second strong sector, the topcolor sector [7, 8] , communicates directly with the top quark. Its purpose is to generate a large mass for the top quark through new strong dynamics that cause top quark condensation [1] [2] [3] [4] [5] . In generating a top-quark mass, this second sector also helps to break the electroweak symmetry. If the characteristic scale of the topcolor sector is low, f F , it plays only a minor role in electroweak breaking, but can still generate a sufficiently large top-quark mass given a strong enough top-topcolor coupling. Because electroweak symmetry is effectively broken twice in this scenario, there are two sets of Goldstone bosons. One linear combination of the weaktriplet Goldstone bosons (the combination primarily composed of technifermions) is eaten to become the longitudinal Probing the dynamics of topcolor assisted technicolor will involve discovering the top-Higgs and top-pions which are associated with the generation of the large top-quark mass, and measuring their properties. In this section we describe briefly our expectations for the properties of these states, and summarize the model-dependence of their couplings.
A. The Triangle Moose Model
The Top Triangle Moose model [6] is shown in Moose notation in Fig. 1 . The circles represent global SU(2) symmetry groups; the full SU(2) at sites 0 and 1 are gauged with gauge couplings g andg, respectively, while the τ 3 generator of the global SU(2) at site 2 is gauged with U(1) gauge coupling g . The lines represent spin-zero link fields which transform as a fundamental (anti-fundamental) representation of the group at the tail (head) of the link. Σ 01 and Σ 12 are nonlinear sigma model fields, describing the technicolor/three-site [63] sector of the theory, while Φ (the top-Higgs doublet) is a linear sigma model field arising from top-color [7, 8] .
The kinetic energy terms of the link fields corresponding to these charge assignments are:
where the covariant derivatives are: 
In order to obtain the correct amplitude for muon decay, we parameterize the vevs in terms of a new parameter ω,
where v = 246 GeV is the weak scale. We will explore the parameter range 3 0.2 ≤ sin ω ≤ 0.8, in which the Top Triangle Moose acts as a low-energy effective theory for a variety of models with strong top dynamics [15] . As a consequence of the vacuum expectation values, the gauge symmetry is broken all the way down to electromagnetism and we are left with massive gauge bosons (analogous to techni-resonances), top-pions and a top-Higgs. To keep track of how the degrees of freedom are partitioned after we impose the symmetry breaking, we expand Σ 01 , Σ 12 and Φ around their vevs. The coset degrees of freedom in the bi-fundamental link fields Σ 01 and Σ 12 can be described by nonlinear sigma fields:
while the degrees of freedom in Φ fill out a linear representation,
The gauge-kinetic terms in Eq. (1) yield mass matrices for the charged and neutral gauge bosons. The photon remains massless and is given by the exact expression
where e is the electromagnetic coupling. Normalizing the photon eigenvector, we get the relation between the coupling constants:
This invites us to conveniently parametrize the gauge couplings in terms of e by
We will takeg g, which implies that tan φ ≡ x is a small parameter.
where π
The first term in Eq. (10) depends only on the modulus of M , and therefore contributes only to the mass of the top-Higgs. The second and third terms give mass to both the top-Higgs and the physical (uneaten) combination of pion fields, as we will show shortly. Because these masses depend on three parameters, λ, κ, and , we can treat the mass of the top-Higgs and the masses of the uneaten charged and neutral top-pions as three independent parameters. In addition to generating masses, the potential in Eq. (10) also induces interactions between the top-Higgs and top-pions which are important in our analysis. The next step towards understanding top-pion phenomenology is to identify the combination of degrees of freedom which make up the physical (uneaten) top-pions. While the top-Higgs H t remains a mass eigenstate, the pions π a 0 , π a 1 and π a t mix. We can identify the physical top-pions as the linear combination of states that cannot be gauged away. We do this by isolating the Goldstone boson states that participate in interactions of the form V µ ∂ µ π in the Lagrangian. We start by expanding the nonlinear sigma fields to first order in π/F ,
Plugging this in Eq. (1), we can read off the various interaction terms. The gauge-Goldstone mixing terms are of the form:
Note that the pion combination in the third term can be written as a linear combination of those appearing in the first two terms:
The two eaten triplets of pions span the linear combinations that appear in the first two terms of Eq. (14) , leaving the third linear combination as the remaining physical top-pions, which we will denote Π a t :
where we have normalized the state properly using the definitions of F and f in Eq. (4). The physical top-pions can also be identified by expanding the top-Higgs potential given in Eq. (10) and collecting the mass terms. The physical masses of the top-Higgs and top-pions are
while the other two linear combinations of pions are massless, as true Goldstone bosons should be. Equation (10) 
These couplings are important for top-Higgs decays when M Ht > 2M Πt . For the purposes of our phenomenological analysis we will take the masses of the top-Higgs, and of the charged and neutral top-pions as independent parameters. To give a sense of what might be expected from TC2 dynamics, we have looked at the expectations for these parameters in a Nambu-Jona-Lasinio (NJL) [69] approximation for the topcolor dynamics; our NJL calculation is summarized in Appendix A. From the NJL analysis we find:
• The top-Higgs mass satisfies M Ht = O(2m t ) [69] . This result is known to change once subleading interactions are taken into account [5] , and hence we take this result as only indicative that the top-Higgs should have a mass of order 200 -700 GeV.
• The mass splitting between the charged and neutral top-pions is relatively small -with ∆M Π /M Π less than about 10%. We therefore conclude that the minimum amount of isospin violation required in topcolor (the amount necessary to yield the top-quark mass) need not produce a large mass splitting between the top-pions.
• The analysis also confirms that the form of the potential in Eq. (10), with 0, correctly summarizes the non-derivative interactions yielding the top-pion and top-Higgs masses and interactions. We therefore typically expect M Πt M Ht , c.f. Eq. (17) for small sin ω.
Based on these considerations, in what follows we explore the possibility that the new state at a mass of approximately 125 GeV observed at the LHC is consistent with a neutral pseudoscalar top-pion state. We consider two representative cases: (1) assuming degenerate charged and neutral top-pion masses, M Π ± t = M Π 0 t , and (2) fixing M Π 0 t ≈ 125 GeV and allowing the charged top-pion mass to vary. As discussed above, the first case is that generically expected in top color models, and the second allows us to illustrate how these results would change if the top-color dynamics includes additional sources of isospin violation.
C. Scalar Couplings to Fermions
The couplings of the top-pion and top-Higgs to fermions are model dependent. Unlike in the standard model, the presence of two different sources for the quark masses (topcolor and technicolor) implies that the top-pion and topHiggs couplings depend on the individual left-handed and right-handed rotations in the separate up-and down-quark sectors that relate the topcolor gauge eigenstates (in which the top-pion and top-Higgs couplings are simple) to the mass-eigenstates [8, 70, 71] .
For our analysis, we make the following assumptions:
• Following [8, 70, 71] , we assume that the top-and bottom-quarks both receive most of their mass as a result of topcolor (which would naturally explain why V tb 1), while the other quarks and the leptons receive their masses from the (extended) technicolor sector. That is, if we were to "turn off" technicolor electroweak symmetry breaking (F → 0 or cos ω → 0) the top and bottom quarks would have masses close to their observed values, but all other quarks and the leptons would be massless.
• The usual CKM angles are related to the difference between the left-handed up-and down-quark rotations which are required. Since the observed CKM matrix is non-trivial, it is not possible that both of the left-handed up-and down-quark rotations are trivial. As we show in appendix B, however, if the observed CKM angles arise predominantly from rotations in the left-handed down-quark sector, charged top-pion exchange will lead to unacceptably large contributions to the process b → sγ. We therefore assume that CKM mixing arises from the rotations in the left-handed up-quark sector.
• The rotations in the right-handed sector are, a priori, unconstrained. However, if present, they have the potential to lead to unacceptably large contributions to B With these assumptions, to leading order, the flavor-diagonal couplings of the neutral top-pions to the third generation fermions 6 are
The mixing in the left-handed up-quark sector will necessarily lead to flavor-changing decays of the neutral top-pion [72, 73] of the form
The couplings of the top-Higgs to fermions are the scalar analogs of the pseudo-scalar couplings of the Π 0 t listed in Eqs. (19) and (20) above.
Similarly, the corresponding charged-pion couplings are of the form
where R cs is an unknown mixing parameter which, for the purposes of illustration, we take equal to its maximum value R cs cos θ C 1.
8
The relation between the assumptions made here and the simpler form of the fermion couplings used in [6] is presented in Appendix B.
III. NEUTRAL TOP-PION PHENOMENOLOGY
In this section, we will discuss the phenomenology of the neutral top-pion assuming it has a mass of 125 GeV. We start by reviewing the couplings and decays, examine the production cross-section, and then discuss various decay modes in light of the LHC data. More details about the model can be found in Ref. [14] .
A. Couplings and decays
The couplings of the neutral top-pion that are most relevant to our analysis are those to gg, γγ, bb, and ττ . The couplings to gluon pairs or photon pairs arise from top quark loops (contributions from loops containing heavy topquark partners would be suppressed by powers of the heavy quark mass). Those to fermions arise from top color (for t and b) and/or extended technicolor dynamics (especially for lighter fermions). Being a pseudoscalar, the top-pion 6 Couplings to the light quarks and leptons would follow the same pattern as for the τ lepton, but will not be needed in what follows. 7 The coupling of Π + t tot R b L gives a potentially large contribution to the process Z → bb [74] , which must be compensated for by adjusting the properties of the top-quark [14] . See the discussion in appendix B. 8 If this coefficient were smaller, this would increase the branching ratio BR(Π + t →τ ντ ) which would strengthen the limits in section IV. lacks tree-level couplings to W W and ZZ, and the loop induced couplings to these massive gauge bosons are small compared to the dominant ones listed above. These decays do occur through a top-quark loop, and are discussed separately.
We have calculated the branching ratios of Π 0 t using the MSSM pseudoscalar decay routines in HDECAY version 3.531 [75] , modified to take into account the different fermion coupling structure of Eqs. (19)- (20) and the absence of superpartners. The resulting branching ratios are illustrated in Fig. 2 for sin ω = 0.3, 0.5 and 0.7. Decays to bb dominate at low Π 0 t mass, with the gg and tc channels becoming important only once M Π 0 t 200 GeV. Decays to tt turn on at M Πt 2m t 350 GeV and completely dominate above this mass. Note that our calculation using HDECAY includes decays to off-shell tt below threshold. As these plots indicate, for a 125 GeV top-pion, only the decay branching ratios to gg, γγ, bb and ττ are significant.
The total width of Π In the right panel of Fig. 3 we display the branching ratio for Π 0 t → γγ as a function of sin ω with M Π 0 t = 125 GeV. This branching ratio reaches at most 0.5 parts per mil and is roughly five times smaller than the SM Higgs branching ratio into photons.
B. Production cross-section
Here, we calculate the production cross-section of the neutral top-pion; in subsequent sub-sections we will compare this prediction to various ATLAS and CMS results to analyze the current and future LHC sensitivity to neutral top-pions.
The neutral top-pion is produced at the LHC almost exclusively via gluon fusion. We calculate the cross section for Π 0 t production in gluon fusion according to
where in the sum over fermions we include 9 t, b and c; also α t = α b = cot ω and α c = tan ω. Here the fermion loop functions F H 1/2 (τ ) and F A 1/2 (τ ), for scalars and pseudoscalars respectively, are given by [89] :
where
with η ± = (1 ± √ 1 − τ ). In the limit of a heavy fermion in the loop,
We take the SM gluon-fusion Higgs production cross section σ(gg → H SM ) from Ref.
[76] for the 7 TeV LHC. This SM Higgs cross section includes the state-of-the-art radiative corrections, which boost the cross section by a substantial factor ∼ 2. Our cross section in Eq. (22) relies on the equality of the k-factors for pseudoscalar production and scalar production. In fact, because most of the QCD k-factor comes from real radiation, this equality has been shown to hold to within 20%, as illustrated in [91] .
C. Current and Prospective Limits from the Diphoton channel
The diphoton decay channel has played a leading role in LHC searches for the Standard Model Higgs boson. Although this is not the dominant decay mode for the neutral top-pion, it would certainly be highly visible in the LHC detectors. We have calculated σ(gg → Π 9 Technifermion loops do not contribute to top-pion production because the SU (2) weak × [SU (3)] 2 anomaly vanishes for any realistic technicolor theory.
The LHC SM Higgs searches in Refs. [81, 82] have exclusion sensitivity to γγ resonances with a cross section of order 50 fb for resonance masses between 110 and 150 GeV. We find that this excludes a neutral top-pion in this mass range with sin ω 0.4 − 0.5. We show the excluded region in the right plot in Fig. 7 , based on the 95% confidence level limit on σ/σ SM in the γγ channel alone for the SM Higgs from Refs. [81, 82] ; those limits are based on 4.9 fb −1 (ATLAS) and 4.8 fb −1 (CMS) at 7 TeV. We translated the LHC results into bounds on our model by comparing the CMS and ATLAS limits on σ/σ SM with
where σ(gg → Π 0 t ) is obtained from Eq. (22) and σ(VBF → H SM ) is the SM Higgs production cross section via vector boson fusion (VBF). Note that the CMS analysis includes a contribution from a dedicated VBF search topology channel, which would not be present for the top-pion. The ATLAS analysis does not include a dedicated VBF channel and is thus more directly applicable to the top-pion. However, the inclusion of the dedicated VBF search channel by CMS does not appear to significantly affect our results: the limits are consistent with each other in excluding low values of sin ω.
Both CMS and ATLAS observe a new state with a mass of about 125 GeV decaying to diphotons whose properties appear to be consistent with those of a SM Higgs boson. However, the observed diphoton rate is nearly twice that expected for a SM Higgs [16, 18] , which also makes the excess consistent with a neutral top-pion with sin ω 0.5, as shown in the right-hand pane of Fig. 4 [62] considered the possibility that the loop-induced pseudoscalar coupling to the SU (2) and hypercharge gauge bosons can account for the observed γγ and 4 signal. Essentially, the strategy consisted in adjusting the relative value of the SU (2) and hypercharge gauge couplings so that the equation
is satisfied. Here, φ refers to the pseudoscalar and the superscript c means the quantities are computed with the experimental cuts imposed. It was shown that the Zγ * contribution to the 4 signal completely dominates the ZZ * contribution, in direct contrast to the SM case where the Zγ * contribution is negligible. Fixing the ratio of the coupling strengths this way leads to a well-defined prediction [62] :
Thus, in order to see if the top-pion can generate the experimentally required signal strength, it suffices to compute the ratio of the partial widths to Zγ and γγ and compare with the number in Eq. (27) . This number turns out to be ≈ 0.02 for the top-pion.
10 Thus, we conclude that the top-pion cannot generate the observed ratio of the 4 to γγ rates. Though this might seem to be a problem for models with strong top-quark dynamics in general, we point out that the 4 signal involves very few events and conclusions about the viability of our model based on this observation should be postponed until higher-statistics results are available from the ATLAS and CMS collaborations.
E. Limits from the Ditau Channel
Searching for light neutral top-pions decaying to τ τ is difficult because of the large Drell-Yan background. For scalars that are produced in part by vector boson fusion, the sensitivity can be enhanced by implementing cuts that preferentially select the VBF channel, but unfortunately this option is not available for pseudoscalars like the top-pion. We include off-shell decays to t * b and also off-shell decays to Π
GeV. These branching ratios were computing using a modified version of HDECAY [75] .
Looking specifically at the case where the neutral top-pion is responsible for the diphoton excess at 125 GeV (M Π 0 t = 125 GeV and sin ω 0.5, corresponding to an enhancement in the γγ channel by about a factor of 2 compared to the SM Higgs prediction), then we expect a τ τ signal rate, from the gluon fusion channel, approximately equal to that of the SM Higgs. This is about a factor of 3 below the sensitivity of the H SM → τ τ search from ATLAS [80] (4.7 fb −1 at 7 TeV). However, that ATLAS analysis includes events in a "Higgs plus two jet" event category, corresponding to VBF production, to improve the sensitivity to the SM Higgs, so this limit does not directly apply to the neutral pseudoscalar top-pion of our model. The papers [16] [17] [18] [19] reporting the discovery of a new scalar in the diphoton channel do analyze data from the ditau channel, but neither finds conclusive evidence that the new state decays to tau lepton pairs. In the future, perhaps a dedicated search focused on the gluon fusion production channel would be sensitive to the Π 0 t .
IV. CHARGED TOP-PION PHENOMENOLOGY
Charged top-pions would be pair-produced via electroweak processes at LHC and their dominant decay channels are hadronic. Therefore a direct search for Π + t would be hampered by a combination of low cross-section and high backgrounds. The main constraints on these states presently come from top quark decays.
A. Branching ratios
We plot the branching ratios of the charged top-pion as a function of M Π ± t in Fig. 5 , assuming that the mass of the neutral top-pion is fixed at 125 GeV. For top-pion masses below m t , the dominant decays are into τ ν and offshell t * b; their relative rates depend on the top-pion mass and sin ω. The decay to cs has a branching ratio a little less than half that of τ ν; the rate for bc is many times smaller when sin ω 0.5. For masses above m t , decays to tb overwhelmingly dominate.
If
then the off-shell decay Π + t → Π 0 t W + * becomes possible. As this branching ratio never exceeds 5%, it is phenomenologically unimportant for our purposes.
Since the charged top-pion seldom decays to the neutral top-pion even when kinematically allowed to do so, Fig. 5 also gives a good sense of the branching ratios of the charged top-pion for the case in which the top-pions are degenerate.
B. Limits from
The ATLAS collaboration has searched for evidence of charged scalars in top quark decays using 4.6 fb −1 of data gathered at 7 TeV [84]. Because this was motivated as a search for the charged Higgs of the MSSM, which decays almost exclusively to τ ν for large tan β, their search assumed that the charged scalar would decay only to τ ν. Specifically, they set a limit on B ≡ BR(t → H + b), assuming that BR(H + → τ ν) = 1. The latter assumption is built directly into their analysis in that they scale the simulated cross section for SM tt background, in which t → W b, by (1 − B) 2 . The conclusions of the ATLAS t → H + b analysis cannot be directly applied to the charged top-pion because BR(Π + t → τ ν) = 1, as can be seen in Fig. 5 . In fact, as also illustrated in the left pane of Fig. 6 , the value of BR(Π + t → τ ν) ranges from a maximum of about 0.7 for a relatively light Π + t and large sin ω, to close to zero for a heavier top-pion and lower sin ω (due to the competing t * b decay). Nevertheless, we can adapt the ATLAS t → H + b limits to extract information about the charged top-pion. The charged top-pion signal is the same as that for the charged Higgs studied in Ref. [84] , provided that the parameter B is replaced by BR(t → Π
We calculated the top quark decay branching ratio at tree level neglecting the bottom quark mass, using
We have calculated the Π + t decay branching ratios using a modified version of HDECAY [75] as discussed before. Combining these branching fractions, we show contours of BR(t → Π However, the "SM-like" top-pair events to which the signal events are compared in setting a limit on exotic top decays will no longer include only t → W b events. This sample will now potentially contain events in which a top-pion decays to bt * , yielding t → Π + b → W + bbb, where the W + b comes from the off-shell top quark. While the kinematic features of these top decays will differ from those of SM decays, the events may be similar enough to be picked up in the SM top quark sample. To see how common these events are, we show contours of BR(t → Π
and sin ω in the left-hand panel of Fig. 7 . The product of branching ratios can be significant: it lies above 0.3 for sin ω < 0.45 and M Π + t ∼ 140 GeV. In this case more than half of all tt events would contain at least one top quark decaying to Π ± t b followed by Π ± t → t * b → W ± bb; we suspect that this could distort kinematic distributions and b-tag rates in the tt sample enough to be noticed. Similarly, for sin ω = 0.5 and M Π + t 145 GeV, we find BR(t → Π
2, leading to about 40% of tt events containing at least one top quark decaying to Π ± t b followed by Π ± t → t * b → W ± bb. While deliberately distinguishing these t → Π + b → W + bbb events from SM top quark decays would require a dedicated analysis, in the meantime, we can make the conservative assumption that all of these events will be included in the "SM-like" sample. When this is the case, the comparison between exotic and SM-like events gives a conservative upper limit on BR(t → Π
When some of these events are not picked up in the SM-like sample, the true upper bound on the product of branching fractions is actually even stronger.
We are now ready to determine the constraints on our model. Reference Therefore, the only phenomenologically viable case involves non-degenerate top-pions. As discussed in detail in Appendix A, however, this differs from the standard expectation in top color models and implies that new sources of isospin violation would have to be present.
V. TOP-HIGGS PHENOMENOLOGY
In addition to the top-pion states discussed above, models in which the top-quark plays a direct role in electroweak symmetry breaking contain a "top-Higgs" state. Such a state is expected to have a mass greater than about 200 GeV, and we have previously demonstrated [15] that such a top-Higgs state would produce ZZ and W W signals much larger than those characteristic of a SM Higgs of the same mass when decays to pairs of top-pions are kinematically forbidden. In this section we consider the constraints on the top-Higgs state assuming that the neutral top-pion is the new boson discovered at the LHC.
The couplings of the top-Higgs, along with its decay widths to the most relevant channels W W , ZZ, tt, Π
t , are given in detail in Ref. [15] . For completeness, we reproduce the formulas for the key decay widths in Appendix C, along with the ratio between the LHC production cross-sections for the top-Higgs and the SM Higgs. We will first establish the current mass limits on the top-Higgs based on data from the ATLAS and CMS experiments. We then comment on the discovery prospects for the top-Higgs in the channel H t → Π 0 t Z at the 14 TeV LHC.
Reference [15] used the combined SM Higgs limits from the LHC to determine the excluded range of top-Higgs masses as a function of sin ω, for various values of the top-pion mass. In the mass range of interest, the LHC limits come entirely from the SM Higgs decays into W W and ZZ, and so are directly applicable to the top-Higgs after rescaling by the appropriate ratios of production cross section and decay branching ratios. The limits of Ref. [15] used ATLAS results with 1.0-2.3 fb −1 and CMS results with 1.1-1.7 fb −1 of integrated luminosity at 7 TeV. Here we update the limits using the more recent CMS SM Higgs search results based on 4.6-4.8 fb −1 at 7 TeV and also consider how the limits translate to the case where the charged and neutral top-pions are not degenerate. There is also a theoretical bound to bear in mind. For small values of sin ω, the top-Higgs couplings violate perturbativity for sufficiently high H t masses, when the decay channels to two tops and two top-pions open up; roughly speaking this occurs when the top-Higgs width exceeds its mass. For sin ω ≈ 0.4 we find this constrains the top-Higgs mass to lie below about 600 GeV, while for sin ω ≥ 0.5, perturbativity considerations do not constrain the region of interest. Many of the decay channels that are available to a heavy top-Higgs result in hadronic final states with large SM backgrounds. A potential exception is H t → ZΠ 0 t → γγ as shown in Fig. 9 . Assuming the state discovered at 125 GeV is the neutral top-pion, one can then take advantage of the H t Π 0 t Z coupling, and look for the top-Higgs in the process pp → ZΠ 0 t → γγ by using an invariant mass cut on the diphotons to cull background. We find that discovery in the allowed parameter space (see Fig. 8 ) is not possible for sin ω values of 0.7 and above in this channel. Even for lower values of sin ω, the minimum integrated luminosity required for a 5σ discovery at the 14 TeV LHC in this mode is 100 f b −1 and a luminosity several times greater is required in most of the M Ht vs M Π + t plane. Therefore, we conclude that this will not be a realistic discovery mode for the top-Higgs in the case of a light neutral top-pion. The most promising search channels for the top-Higgs therefore remain the W W and ZZ final states as used in the SM Higgs search.
VI. CONCLUSIONS
In this paper we have analyzed the phenomenology of the top-pion and top-Higgs states in models with strong top dynamics, and have translated the present LHC constraints on the SM Higgs into bounds on these scalar states.
We have seen that it is possible for the observed excess in the H SM → γγ search channel to correspond to a neutral top-pion of mass M Π 0 t = 125 GeV. Based on the size of the cross-section observed [16] [17] [18] [19] , the corresponding value of sin ω would be approximately 0.5. Because Π 0 t is a pseudo scalar, however, models of strong top dynamics do not predict a visible signal in the ZZ → 4 channel or the W W channel, nor a diphoton signal in the vector boson fusion production channel, nor any associated production of the 125 GeV object with a W or Z. Therefore, as additional data is accumulated, we would expect the diphoton resonance to continue to grow in significance, the initial signals in the ZZ → 4 and W W channels to fade away, and the dijet-tagged diphoton signal to persist only at a level consistent with dijet-tagged gg → Π 0 t rather than dijet-tagged vector boson fusion events. Moreover, in the context of these models, we would also expect that a signal in the ditau decay channel would be present but less visible for the Π 0 t than for the SM Higgs.
For the range of model parameters where the neutral top-pion can account for the LHC diphoton signal, searches for non-standard top-quark decays to charged scalar plus bottom quark exclude charged top-pions with masses up to about 145 GeV (as in the left-hand panel of Fig. 7) . These searches continue to become more sensitive as the decay properties of the top-quark are measured more accurately. As a result, if the neutral top-pion has a mass of 125 GeV, it cannot be degenerate with the charged top-pion, as one would more typically expect in models of strong top dynamics. Instead, the model must contain substantial isospin violation to produce this top-pion mass splitting.
We have also updated limits on the top-Higgs. Our results show that current LHC searches for the SM Higgs in W W and ZZ exclude the existence of a top-Higgs state up to masses of order 300 GeV, with some dependence on the charged top-pion mass and sin ω as shown in Fig. 8 .
The implication is that current searches at the LHC strongly constrain theories with strong top-dynamics. The top triangle moose model interpolates [15] between a variety of strong top dynamics models as the value of sin ω varies between about 0.2 and 0.8, the range studied in this paper. In the context of strong top-dynamics, the new boson observed at the LHC is too light to be the top-Higgs [15] . Instead, the diphoton signal can be produced by a neutral top-pion of the appropriate mass and couplings, assuming that one constructs a theory including additional isospin violation, but in this case we would not expect a significant signal in the ZZ → 4 channel. This last stipulation is problematic since both LHC experiments report a 3σ signal in the four-lepton channel with the current data set. Moreover, if the diphoton signal corresponds to a neutral top-pion, then the theoretical context cannot be the most familiar part of the top-triangle-moose parameter space in which 0.2 ≤ sin ω ≤ 0.5, the top-pions are degenerate, and the top-Higgs has a mass of order 2m t : i.e. the portion of the parameter space corresponding to classic TC2 models. Rather, the context would be the less-explored region in which sin ω is of order 0.5 or greater, the top-pions have a substantial mass splitting, and the top-Higgs is heavier: i.e. a model in which the strong top dynamics are of the top seesaw form.
We anticipate that additional LHC data will provide further clarity about the nature of the diphoton resonance and its possible connection to strong top dynamics.
imply for the scalar mass spectrum. In the last section, we consider the mass splitting between the charged-and neutral-top-pions.
TC2 Dynamics
In the NJL approximation, 11 the interactions of interest in this model include
where the first four-fermion operator is the traditional topcolor interaction responsible for top-quark condensation and the second, arising from ETC interactions [67, 68] , couples the top-quark to the weak-doublet and singlet technifermions [65, 66] Q L and U R . Here g t and Λ represent the top-color coupling and cutoff, respectively. We expect the second operator to arise from ETC interactions at a scale larger than Λ, and for convenience we characterize the strength of these interactions (relative to topcolor) through the small dimensionless parameter η. All weak, color, and technicolor indices implicit in Eq. (A1) are summed.
For strong g t , we expect that the topcolor interactions will give rise to a bound electroweak scalar state with the quantum numbers of the standard model Higgs boson. In the NJL approximation, this may be seen directly. The interactions Eq. (A1) may be recast as
which, following [5] , may be rewritten in terms of an auxiliary electroweak doublet scalar field Φ (with SU (2) × U (1) 10 . Diagrammatic representation of "fermion bubble" approximation yielding the kinetic energy and mass (left) and self-couplings (right) of the composite Φ field. The two-point function is resumed to generate the kinetic energy term for the composite scalar field.
In the "fermion bubble" approximation [5, 69, 86] illustrated in Fig. 10 , and close to the critical point for chiral symmetry breaking, the auxiliary field Φ becomes a light propagating composite state. To leading order in the number of fermions (colors for quarks or technicolors for technifermions), the effects of the strong topcolor interactions at a scale µ Λ may be summarized by the effective Lagrangian
Here, in order to have a conventional kinetic energy term, we have rescaled the field Φ by
The mass parameter for the composite field Φ is given by,
The composite Higgs is light, and the effective theory valid, when µ Λ and g t is close to the critical coupling g * t for topcolor chiral symmetry given by
For convenience, we conclude this section with a brief discussion of the η → 0 limit. As we will see, η will be rather small and many of the parametric estimates that follow will derive from this limit. If we define f as the expectation value of Φ through
we see from Eqs. (A4) and (A5) that
where we choose µ = m t as appropriate in evaluating the top-quark mass. This expression is usually rewritten as
and reproduces the Pagels-Stokar relation [85] appropriate in this limit [5, 69, 86] . Note that, in the effective Lagrangian of Eq. (A4), the top quark receives mass only through its coupling to the composite Higgs. Therefore, to the extent that η is small, this relation continues to be true even after including the effects of technicolor.
Technicolor
Next, we consider matching 12 the Lagrangian in Eq. (A4) to the chiral Lagrangian valid at scales below the scale of technicolor chiral symmetry breaking, Λ T C . In what follows, we will use the Naive Dimensional Analysis (NDA) [41, 87, 88] estimate Λ T C 4πF , where F is the technicolor pion decay constant (the analog of f π ≈ 93 MeV in QCD). To keep track of the chiral symmetry properties of the technifermion -scalar coupling in L tc we introduce the 2 × 2 matrix
12 In principle, if Λ/Λ T C 1, we should also include the scaling of the operators in Eq. (A4) due to the technicolor interactions. In practice, all of the relevant corrections can be absorbed into a redefinition of η -and hence will be neglected in what follows. which serves as a spurion "transforming" as M → LMR † under the SU (2) L × SU (2) R chiral symmetries of the technifermions. The coupling of the technifermions to the field Φ, then, is similar to the mass term in QCD, and hence we expect the effective Lagrangian
where c 1 is an unknown chiral coefficient related to the magnitude of the technifermion condensate which, in QCD, is approximately 2. 13 Here Σ is the SU (2) L × SU (2) R /SU (2) V nonlinear sigma model field associated with electroweak symmetry breaking, and is to be associated with Σ 01 Σ 12 in the triangle Moose model described in Sec. II above.
The second term in Eq. (A14) arises from the ETC coupling of the top quark and is of particular interest since it couples the top-color and technicolor chiral symmetries -and hence will give rise to the top-pion masses. To analyze this term, it is convenient to rewrite Σ in terms of a two-component complex unimodular vector ξ
By the usual convention, ξ has the following vacuum expectation value
in unitary gauge. With this convention the combined Φ − ξ potential is a special case of a two-Higgs potential (with F ξ playing the role of a second "Higgs"), and the second term in Eq. (A14) becomes
with mass-squared
renormalized at scale Λ T C = 4πF . At scales µ < Λ T C , the parametersλ(µ), m 2 M ix (µ), andm 2 Φ continue to renormalize through the top-quark loop diagrams illustrated in Fig. (10) , i.e. the formulas in Eqs. (A5), (A6), and (A8) continue to apply with η → 0. The complete effective Lagrangian at scale µ is
In what follows we will need the values of these parameters evaluated at low energies, µ m t . We will find that η 1; hence, in the derivations below we will apply Eqs. (A5), (A6), and (A8) in the η → 0 limit.
Minimizing the Potential and the Scalar Spectrum
We are interested in identifying the region of parameter space where topcolor and technicolor jointly yield electroweak symmetry breaking, i.e. Φ has the vacuum expectation value shown in Eqs. (A10) and (A18), with
13 More properly, the corresponding term in the QCD chiral Lagrangian gives
. 14 Note that the value of F here differs from that in the Top Triangle Moose model, Eq. (4) since there electroweak symmetry breaking occurs collectively through the symmetry breaking encoded through both Σ 01 and Σ 12 . where, consistent with NDA [41, 87, 88] , the constant c T is expected to be of order 1. Computing the effect of this operator on the W and Z masses, we find
or, alternatively, rewriting the dependence on η in terms of M 2 Π , we find
If we require |∆T | 0.5, we find from Eq. (A30) that η 0.6. The equivalent constraint, in terms of M Π , from Eq. (A31) is shown as the red solid line in Fig. 12 . This is a rather weak upper bound, phenomenologically speaking. Theoretically, it is still an interesting bound because it derives directly from the Yukawa coupling operator in the low-energy chiral expansion that also gives rise to M Π withough any dependence on the details of technicolor dynamics at high energies. On the other hand, since the ETC interaction between the top quark and technifermions in Eq. (A1) couples to both the left-handed currentψ L0 γ µ Q L and right-handed currentt R2 γ µ U R , it is natural to expect that there are ETC gauge bosons that couple to U R with the same strength. The exchange of such an ETC boson will give rise to the ∆I = 2 operator,
which can contribute directly to ∆T . In particular, the diagram on the right of Fig. 11 yields the operator
This constraint is represented by the blue long-dashed line in Fig. 12 . Figure 12 summarizes the approximate constraints on the sin ω − M Π plane that arise from limits on α|∆T | as discussed above. The pink-shaded regions are excluded; the area above the solid red line is excluded due to the impact of the technifermion Yukawa coupling and the area to the left of the blue long-dashed line is excluded by the effects of ETC gauge boson exchange. In the left-hand pane, a few dotted curves for different values of η are shown to indicate how that dimensionless parameter varies with sin ω and M Π ; in the right-hand pane, a few nearly-horizontal purple contours corresponding to several values of the top-Higgs mass are shown. The couplings of the top-pion and top-Higgs to fermions are model dependent. In this appendix we discuss the relation between the assumptions about the flavor structure that are used in this paper and the simpler form of the fermion couplings used in [6] .
The form for the light fermion masses given in [6] is
We have denoted the Dirac mass that sets the scale of the heavy fermion masses as M D . Here, L is a parameter that describes the degree of delocalization of the left handed fermions and is assumed to be universal for the light quark generations and the leptons. All the flavor violation for the light fermions is then encoded in the last term; the delocalization parameters for the right handed fermions, f R , which can be adjusted to realize the masses and mixings of the up and down type fermions. The mass of the top quark arises from similar terms with a unique left-handed delocalization parameter tL and also from a unique Lagrangian term reflecting the coupling of the top-Higgs to the top quark:
If this simple picture for the fermion masses is correct, then top-color provides mass only to the top-quark while the three-site/technicolor sector provides mass to both the top-quark and all lighter-quarks. In this case, insofar as the third-generation quarks are concerned, the pattern of top-pion couplings is the same as the pattern of chargedHiggs couplings in "type-II" two-Higgs-doublet models [89] -with the top-Higgs playing the role of the Higgs-doublet coupling to top-quark and the technicolor-sector playing the role of the Higgs-doublet giving mass to the bottom.
These couplings imply significant corrections from charged top-pion exchange to the processes Z →bb and b → sγ, as illustrated in Fig. 13 . The correction to the process Z →bb comes predominantly from the first term in Eq. (B3) -and is characteristic of top color theories [74] . As explained in [14] , the top-color corrections to Z →bb can be compensated for by an adjustment of the top-quark delocalization parameter tL . The potential corrections to b → sγ, however, are more problematic. These arise from vertices involving both the second interaction in Eq. (B3) [which is necessary since the process involves the strange-quark] and either the
